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Introduction
[2] The dominant surface ocean current off the Western Australian coast in the Southeast Indian Ocean is the southward-flowing Leeuwin Current [Cresswell and Golding, 1980] (Figure 1 ). An anomalously large meridional pressure gradient, set up by the warm, low-density tropical Pacific Ocean water entering the Indian Ocean through the Indonesian Archipelago [e.g., Meyers et al., 1995; Feng and Wijffels, 2002] , is believed to account for the existence of the Leeuwin Current [Thompson, 1984 [Thompson, , 1987 Godfrey and Ridgway, 1985; McCreary et al., 1986; Weaver and Middleton, 1989; Batteen and Rutherford, 1990] . The pressure gradient drives an eastward, onshore geostrophic transport, which overwhelms local wind-driven offshore Ekman transport and feeds the Leeuwin Current.
[3] The Leeuwin Current is a narrow and meandering current near the continental shelf break, which brings lowsalinity, warm tropical waters poleward along the Western Australian coast [Pearce, 1991; Smith et al., 1991] . Early studies indicated that the current is stronger during austral winter, with a southward volume transport up to 5 Sv (10 6 m 3 s
À1
) [Smith et al., 1991] . The annual cycle is suggested to be mostly due to variations in the northward wind stress, which is stronger during the austral summer Kundu and McCreary, 1986; Smith et al., 1991] . Some studies suggest that annual variation of the meridional pressure gradient at the shelf break may also contribute [Godfrey and Ridgway, 1985; Morrow and Birol, 1998 ]. During the austral summer, the increased northward wind stress also drives the northward Capes Current on the continental shelf [Cresswell et al., 1989; Pearce and Pattiaratchi, 1999] .
[4] The El Niño/Southern Oscillation (ENSO) related interannual signals propagate poleward along the northwest to western Australian coast as coastally trapped waves [Clarke and Liu, 1994; Meyers, 1996; Wijffels and Meyers, 2003] . Along the coastal waveguide illustrated in Figure 1 , the waves transmit high coastal sea levels during the La Niña years and low sea levels during the El Niño years [Pariwono et al., 1986] . The correlation between the Southern Oscillation Index and Fremantle sea level was found to be 0. 73 during 1968 [Pearce and Phillips, 1988 . The ENSO-relationship is further demonstrated in the correlations between regional altimeter sea level anomalies and the Southern Oscillation index (SOI) for the years 1992 -2002 ( Figure 2 ). The correlations are generally 0.6-0.7 along the northwest and west Australian coast.
[5] There is a growing need to understand the annual and interannual variability of the Leeuwin Current and their impacts on regional climate, marine ecosystems, and fisheries. A potentially important climate link for southwestern Australia is the southward advection of warm water by the Leeuwin Current [Godfrey and Ridgway, 1985; Pearce, 1991] . The average sea surface temperature (SST) off Australia's west coast near 32°S is 20.8°C, which is 5.6 and 4.2°C higher than those at the same latitude near the eastern boundaries in the Pacific and Atlantic Oceans (Table 1) . Correspondingly, the precipitation rate in the coastal area of southwest Australia is more than twice the precipitation rates in southwest South America and Africa (Table 1 ). This demonstrates the potential impact of the Leeuwin Current on the coastal climate in southwest Western Australia.
[6] Pearce and Phillips [1988] hypothesized that coastal sea level at Fremantle could be a proxy for the Leeuwin Current strength, so that the current is stronger during La Niña years and weaker during El Niño years. Interannual variability of the Fremantle sea level is highly correlated to the recruitment to a number of local fisheries, including the western rock lobster [Pearce and Phillips, 1988; Griffin et al., 2001 ], Australia's most valuable single species fishery, so that the Fremantle sea level is widely used in fishery recruitment research to represent the Leeuwin Current strength [Caputi et al., 1995] . Still, the relationship between the Fremantle sea level and the Leeuwin Current needs to be established, as a first step to understand how the Leeuwin Current variability affects ecosystem processes and fisheries recruitment.
[7] The present study examines the annual and ENSOrelated interannual Leeuwin Current variations derived from historical upper ocean thermal data, and verifies and calibrates the Fremantle sea level index in terms of surface current strength and geostrophic transport. The correlations between the Fremantle and altimeter sea level anomalies are high along the coast (Figure 2 ), which suggests that the Fremantle sea level index may apply to a large geographic range of the Leeuwin Current although the calibration to the current strength will vary with location.
[8] The organization of the paper is as follows. In section 2, we introduce the data used in this study. In section 3, we present the method to construct the seasonal climatology from the upper ocean thermal archive. The results for the annual climatology and ENSO composites are presented and compared with the Fremantle sea level variations in sections 4 and 5, respectively. In section 6, we discuss and summarize the results. In the Appendices, we establish the dynamic balance in the Leeuwin Current to support the analysis and carry out some sensitivity tests for the methodology of constructing the upper ocean climatology.
Data
[9] The data used in this study are monthly Fremantle sea level records obtained from the National Tidal Facility in Adelaide, mean sea level pressure from the National Center for Environment Prediction (NCEP) [Kalnay et al., 1996] , upper ocean temperature data off Fremantle from the Indian Ocean Thermal Archive (IOTA) of CSIRO Marine Research (A. Gronell et al., manuscript in preparation, 2003) , the mean and annual harmonics of the temperature-salinity relationship [Dunn and Ridgway, 2002] , temperature and salinity records at a hydrographical station west of Rottnest Island [Rochford, 1988] , and the Southern Oscillation Index (SOI) from the Bureau of Meteorology, Australia. All data are from 1950 to 2000, when the Fremantle sea level record has the best continuity. We also use the Southampton Oceanography Centre (SOC) surface air-sea flux climatology [Josey et al., 1999] . The bathymetry is taken from the National Geophysical Data Center 2-min resolution product [Smith and Sandwell, 1997] , and the coastline from the Global Self-Consistent, Hierarchical, High-Resolution Shoreline database [Wessel and Smith, 1996] .
[10] Fremantle (32°03 0 S, 115°44 0 E) is a major port in the southeast Indian Ocean (Figure 3 (Figure 3) , which is hypothesized to be a main feeding ground for the blue whales sighted in the area. The meandering nature of the submarine canyon is shown in the bottom topography along 32°S (Figure 4) .
[11] Monthly Fremantle sea level deviation is calculated by removing the 1950 to 2000 mean and applying a 1-2-1 weighted 3-month moving average. The anomaly field, or sea level anomaly (SLA), is then obtained by removing the average annual cycle from the sea level deviation (note the difference between sea level deviation and SLA). Monthly sea level atmospheric pressure is taken from the closest grid point to Fremantle in the NCEP data. Similarly, after removing the 1950 -2000 average and applying the same 3-month moving average, the atmospheric pressure data are used to apply the inverted barometric correction to the Fremantle sea level deviation [Reid and Mantyla, 1976] . As the atmospheric pressure increases and decreases, the sea surface is assumed to respond hydrostatically, that is, a 1 hPa increase in the atmospheric pressure depresses the sea surface by 1 cm. The corrected SLA is obtained by removing the average annual cycle from the corrected sea level deviation. Hereinafter, the Fremantle sea level deviation and SLA refer to the corrected sea level deviation and corrected SLA.
[12] Figure 3 shows the spatial distribution of temperature profiles taken during 1950 -2000 which exist in the upper-ocean thermal archive. Only data between 30°S and 34°S and from 106°E to the coast are used in this study. While most profiles were collected near the commercial shipping lines off Fremantle, data density along 32°S is also relatively high due to research cruises. The thermal data were vertically interpolated to 5-m intervals and a semi-automatic screening process was applied for quality control (A. Gronell et al., manuscript in preparation, 2003) . In this study, further editing is carried out to ensure that profiles with temperature inversions higher than 1°C are removed, and outliers with temperature anomalies higher than 3 standard deviations within 5°boxes are also 
Construction of the Upper Ocean Climatology
[13] In this section, we present the technique used to construct the upper ocean climatology from the edited temperature data and a historic T-S relationship. The temperature climatology spans from 110°E to 115.4°E along 32°S, with increasing grid density toward the coast (Figure 3) . The eastern-most grid point (32°S, 115.4°E) is in 55 m water depth, about 10 km west of Rottnest Island and close to the CSIRO Rottnest station [Rochford, 1988] . The grid resolution at the eastern end of the section is 0.1°i n longitude.
[14] The temperature surrounding each horizontal (x 0 , y 0 = 32°S) and vertical (every 5 m from surface to 300 m) grid point, and centered in the middle of each month d 0 , is expressed with a Taylor expansion:
Here x, y are longitude and latitude and d is observation day of year. The parameters are depth dependent: T C0 (the monthly mean temperature value at x 0 , y 0 , d 0 , SLA = 0), T x , T y , T d , and T SLA (the linear gradients of temperature relative to longitude, latitude, day of year, and the Fremantle SLA), and c 1 , c 2 and c 3 (parameters for second-order terms). Here e represents the high-order residuals. To estimate the parameters, the expansion is fitted by the method of least squares to the observed temperatures within searching radii in time and space. The temporal searching radius is 1.5 months. The spatial searching domain is an ellipse with the meridional radius being 5 times the zonal radius. The zonal radius is variable between preset minimum and maximum radii, both decreasing toward the coast. The selection criterion of the zonal radius is to ensure that there are at least 40 observations in each fit. The fitting method is similar to the locally weighted least squares (LOESS) mapping tool [Cleveland and Devlin, 1988; Dunn and Ridgway, 2002] . Following Dunn and Ridgway [2002] , a tri-cubic weighting function is used:
,0 r 1, where r is normalized with the searching radius and the topographic adjusted relief function (TAR) [Dunn and Ridgway, 2002] .
[15] Because of the strong ENSO influence in this region, interannual variations are taken into account in the temperature fitting to avoid bias caused by uneven sampling in the ENSO cycle. This is accomplished by assigning the Fremantle SLA to each temperature profile based on the observation year and month, and treating the Fremantle SLA as an independent variable in the above temperature fitting. There are good linear correlations between the SOI and the satellite altimeter SLA along the Western Australian coast during 1992 to 2002 (Figure 2 ). However, the SOI has a jump in the mid-1970 because of the influence of a climate regime shift [Nitta and Yamada, 1989; Gershunov and Barnett, 1998 ], and the Fremantle SLA features a less abrupt response to this regime shift, as shown later in section 5. Hence the relationship between the SOI and the Fremantle SLA (as well as the upper ocean temperature) over the multidecadal timescale is not linear. Thus we use a Taylor expansion of temperature relative to the Fremantle SLA instead of the SOI to represent the interannual variability. However, as shown in Appendix B3, the conclusions from this study can be similarly derived when we use the SOI to replace the Fremantle SLA in the temperature fit, with the consideration of the climate shift effect.
[16] The seasonal-varying temperature-salinity relationship product was obtained by fitting the historical salinity data on temperature surfaces with a mean and an annual harmonic (J. Dunn, personal communication, 2002) . This product is used to derive the monthly mean T-S relationship and hence the salinity at our temperature climatology grids. The salinity for any out-of-range temperature is assigned with the closest value.
[17] From scale analysis, the poleward Leeuwin Current is in geostrophic balance (Appendix A). In calculating the geostrophic current velocity along 32°S, 300 m is used as a reference depth for the dynamic height [Smith et al., 1991] . Two grid points along the section are shallower than 300 m (Figure 4 ). For these two grids, linear extrapolation of offshore dynamic height is used, following Reid and Mantyla [1976] . The northward undercurrent below 300 m [Thompson, 1984] will not be analyzed in this study.
[18] In Appendix B, we validate the upper ocean climatology using the Rottnest station data and carry out some sensitivity tests to ensure that the results are not strongly affected by the reference depth and other constraints we use.
Mean State and Annual Cycle
[19] In this section, we first examine the climatological surface air-sea fluxes at 32°S. Note that in the climatology these fluxes have larger spatial scale than the narrow Leeuwin Current. We then present the mean and annual cycle of the Leeuwin Current structure at 32°S. Furthermore, we propose that the annual variation of the Leeuwin Current is coastally trapped and examine the relationship between the annual cycles of the Fremantle sea level and the inshore dynamic height.
Surface Air-Sea Fluxes
[20] The SOC climatology shows clear annual cycles in both the eastward and northward wind stress components off Fremantle ( Figure 5 ). The annual mean zonal and meridional wind stresses are 0.02 and 0.06 N m
À2
, respectively. The eastward wind stress is strongest during austral winter (reaching 0.11 N m À2 in July) and brings warm moist air inland to cause winter rainfall in southwest Western Australia. The wind is weakly westward between October and March. The meridional component of the wind is always northward, being stronger during austral summer with a maximum wind stress of 0.12 N m À2 in January. , respectively. Shaded areas are with salinity between 35.5-35.7 psu. Note that the zonal range of the velocity plot is reduced.
[21] The SOC climatology also shows a distinct annual cycle of the net air-sea heat flux off Fremantle ( Figure 5 ). The ocean gains heat between November and March, but has a stronger heat loss during the winter months. The heat loss is more than 200 W m À2 in June-July, and the annual mean heat loss is 37 W m
. Evaporation is stronger than precipitation all year round. Both the precipitation and evaporation rates have maxima during the winter season, so that the net freshwater loss is about 2 -4 mm day À1 and has only a weak annual cycle.
Mean Structure of the Leeuwin Current
[22] The mean temperature, salinity, potential density, and geostrophic velocity derived from the climatology along 32°S ( Figure 6 ) agree with earlier descriptions of the Leeuwin Current [Smith et al., 1991] . The Leeuwin Current is characterized by surface water that is low in salinity, highlighted in Figure 6 with shading in the 35.5 -35.7 psu salinity range. The shading delineates the near surface Leeuwin Current water adjacent to the coast, as well as the depth of the mid-thermocline (centered on the 15°-16°C isotherms).
[23] The temperature stratification (Figure 6a ) determines the density and geostrophic current structures (Figures 6c  and 6d ). The deepening of the offshore high salinity tongue toward the coast (Figure 6b ) suggests that the onshore geostrophic flow subducts with the outcropping isopycnals ( Figure 6c ). Salinity decreases with depth below the 16°C isotherm (Figure 6b ), causing the weaker density stratification at depth (Figure 6c ).
[24] Since the Leeuwin Current is a narrow current, only a sub-domain with strong geostrophic velocities referenced to 300 m is shown (Figure 6d ). The core of the Leeuwin Current is located between 114.9°E-115°E, offshore of the 300-m isobath, with a peak southward velocity above 30 cm s À1 at the sea surface. The velocity core tilts slightly toward the coast with increasing depth. The annual mean geostrophic transport east of 110°E is 3.4 Sv (10 6 m 3 s
À1
), while the annual mean Ekman transport across the section is only 0.1 Sv.
Mean Annual Cycle of the Leeuwin Current
[25] Bimonthly mean temperature, salinity, and geostrophic velocity fields along 32°S are presented to docu- (Figure 7) . The near surface stratification is highly variable throughout the year (Figure 7a) . A seasonal thermocline develops between 50 and 100 m from November through April, and the peak surface temperature reaches 22°C in MarchApril near the core of the Leeuwin Current. The seasonal thermocline starts to erode from May to June, with decreased surface layer temperature and outcropping deep isotherms. The variations induced by the stratification of the Leeuwin Current dominate during the other months. The tilting of isotherms in the thermocline, while confined near the coast during austral summer, becomes broader across the section during the winter months.
[26] During January -February when the Leeuwin Current is weak, the surface layer salinity is mostly above 35.7 psu (Figure 7b ). The areas occupied by the nearsurface low-salinity waters are indications of the strength variations of the Leeuwin Current. Freshening of the surface layer from January to June can only be due to strengthened freshwater advection by the Leeuwin Current because of the net freshwater loss at the air-sea interface. From September, the Leeuwin Current water starts to become more saline, likely due to weaker freshwater advection compared to the surface freshwater loss and mixing.
[27] In the summer months, the geostrophic velocity is rather weak (Figure 7c ), but a distinct Leeuwin Current is still present. The southward velocities of larger than 10 cm s À1 are centered at 115°E, with a width of less than 50 km. The Leeuwin Current starts to strengthen in MarchApril, forming a narrow jet with a peak velocity of 45 cm s À1 . During May -August, the Leeuwin Current broadens, with the 10 cm s À1 southward velocity extending to almost 114°E. The broadening of the current in MayAugust is associated with a secondary maximum offshore (Figure 7c ). This could be related to eddy processes in the Leeuwin Current that are not completely random [Morrow and Birol, 1998 ], or are not adequately sampled by the upper ocean thermal archive data.
[28] Figure 8 shows the annual cycle of the geostrophic transport across the section east of 110°E. The transport is 2-3 Sv during the summer months. It starts to increase in March, peaks at about 5 Sv in June-July, and then begins to decrease in August. From the SOC climatology zonal wind stress, the northward Ekman transport peaks in July at 0.6 Sv. Thus both the annual mean and annual variation of the Ekman transport are small compared with the geostrophic transport.
[29] Figure 8 further shows the annual cycle of the maximum southward current velocity. Note that during the summer months when the northward wind stress is strong, the maximum velocity is located at depths of 30-40 m (not shown), although it is only marginally faster than the surface velocity. Southward velocity peaks during AprilMay at 55-56 cm s À1 , 2 months earlier than the maximum volume transport. The maximum velocity drops to about 40 cm s À1 in June, recovers a little in July and then decreases steadily in the later half of the year.
[30] The seasonality of the Leeuwin Current is further demonstrated by the amplitude and phase of the temperature annual harmonics (Figure 9 ). The largest temperature amplitude of 1.4°-1.6°C is near the surface. However, dynamically more important, the temperature amplitude at the depth of 100 -250 m is larger than 1°C in the Leeuwin Current immediately off the continental slope, and the magnitude decreases with depth and in the offshore direction (Figure 9 ). Thus the subsurface annual variation is coastally trapped. Below 100 m, the temperature maximum occurs in June -July east of 113°E and lags in the offshore direction, occurring in September at 110°E.
Fremantle Sea Level and Inshore Dynamic Height
[31] Here we examine the annual variation of the Fremantle sea level and its relationship with the surface dynamic height inshore of the Leeuwin Current. The Fremantle sea level deviation has an annual range of 23 cm, peaking in June (Figure 10 ), which is slightly higher than the annual range of 20 cm without the inverted barometric correction [Pattiaratchi and Buchan, 1991] . The sea surface dynamic height (z 0,300 ) at 32°S, 115.4°E on the inshore edge has an annual range of nearly 20 cm. Its annual cycle is very close to that of the Fremantle sea level deviation. Slightly offshore, the dynamic height deviation at 115.2°E has a reduced annual range of 15 cm, 65% of the Fremantle sea level deviation. It tends to lead the Fremantle sea level by less than one month, highest between May and June and lowest between November and December.
[32] The close comparison between z 0,300 at the inshore edge of the current and the Fremantle sea level deviation indicates that the annual Fremantle sea level variation is strongly related to the sea level variability at the inshore edge of the Leeuwin Current. The very weak secondary peak of the dynamic height in October indicates a weak semi-annual variation [Morrow and Birol, 1998 ]. At the offshore boundary of the Leeuwin Current (111.5°E as shown), the surface dynamic height variation is much weaker (Figure 10 ).
[33] In summary, the subsurface annual variation of the Leeuwin Current is coastally trapped at 32°S. Sea level variations associated with strength of the current occur almost exclusively at the inshore side of the current. Thus, the Leeuwin Current can be represented by its inshore dynamic height (Appendix A), which is closely linked with the Fremantle sea level. The high (low) sea level at Fremantle during winter (summer) is indicative of a strong (weak) Leeuwin Current. The sea level variation of 23 cm corresponds to a transport variation of 2.9 Sv. [34] In this section, we analyze the interannual variations of the Leeuwin Current and Fremantle sea level. In section 5.1, we present the ENSO composites of the SOI and Fremantle SLA; in section 5.2, we present the temperature composites during El Niño and La Niña years based on the Fremantle SLA composites and the temperature gradient relative to the SLA; and in section 5.3 we link the Leeuwin Current variation with the Fremantle sea level deviation and derive a linear relationship between the sea level deviation and the Leeuwin Current geostrophic transport on annual and interannual timescales. Note that similar conclusions can be derived by using the temperature gradient relative to the SOI to construct the temperature composites as tested in Appendix B3.
Interannual Variability

SOI and SLA Composites
[35] On the basis of the annual mean SOI and taking into account the influence of the regime shift on the SOI [Gershunov and Barnett, 1998 ], 11 El Niño years and 12 La Niñ a years are identified from 1950 to 2000 (Table 2 ; Figure 11 ). Most El Niño years have lower than normal annual mean Fremantle SLA, while most La Niña years have the opposite (Figure 11) .
[36] The SOI and Fremantle SLA composites during the El Niño and La Niña years are constructed by averaging the SOI and the Fremantle SLA over the respective years listed in Table 2 . The SOI composite during an El Niño year, SOI ElNino , has small values during the early months, reaches maximum negative values of À12 to À14 in the winter months, and then slowly reduces to less than À10 in December (Figure 12 ). The SOI composite in a La Niña year, SOI LaNina , has two peaks in April and October of 10 and 11.6, respectively. The annual mean Fremantle SLA is 5.6 cm higher than the long-term mean during a La Niña year, compared to 3.4 cm lower during an El Niño year (Figure 12 ). The annual SLA variations, SLA ElNino and SLA LaNina , have peak values around September, and secondary peaks during the first half of the year. This might be an indication of the interannual variations of the semi-annual signal in the sea level.
Temperature Composites
[37] Before we analyze the temperature composites, we first show a time series (1988 -2000) of the temperature and surface dynamic height at 31.6°S, 114.5°E (Figure 13 ), which is taken from an optimally interpolated product along a commercial shipping line [Meyers and Pigot, 1999] . Linear interpolation is used to fill data gaps. There are five El Niño years and four La Niñ a years during this time period (Table 2) . Qualitatively, sea surface temperature is slightly higher (also shown by Pearce and Phillips [1988] ) and mixed layer and thermocline depths are deeper during a La Niña year, while the opposites occur during an El Niño year, consistent with observations at 26°S [Meyers, 1996] . Despite mesoscale variability related to the Leeuwin Current [Pearce and Griffiths, 1991] and the distance between this location and Fremantle, the annual and interannual variations of the surface dynamic height at 31.6°S, 114.5°E referenced to 300 m and the Fremantle sea level compare well ( Figure 13 ). The dynamic height tends to lead the Fremantle sea level variation by one month or so during most years.
[38] There is not enough data to document the interannual variability of the Leeuwin Current along 32°S. Instead, we use composite averages based on parameters obtained in section 3. The temperature composites during the El Niño and La Niña years are calculated by adding the monthly temperature climatology and a composite anomaly, which is the product of the Fremantle SLA composite and the temperature gradient relative to SLA, The salinity is calculated from the monthly T-S relationship.
[39] The annual mean composite anomalies are presented in Figure 14 . In the Leeuwin Current region, the annual mean temperature anomaly is positive during a La Niña year and negative during an El Niño year, with peak values of 0.8°C and À0.4°C at 200-300 m depth adjacent to the upper continental slope. The anomalies weaken to <0.1°C offshore. Thus, like the annual variation, the ENSO related Leeuwin Current variability is also coastally trapped.
Fremantle Sea Level Deviation and the Leeuwin Current
[40] In this section, we first compare the inshore surface dynamic height of the Leeuwin Current with the Fremantle sea level in the ENSO composites, and then provide a linkage between the Fremantle sea level and the Leeuwin Current transport using a linear regression.
[41] Variations of the Fremantle sea level and the surface dynamic height at the inshore edge of the Leeuwin Current are similar in their El Niño and La Niñ a composites (Figure 15 ). The annual mean dynamic height at the eastern-most grid point, 115.4°E, is 2.6 cm lower during an El Niño year than the climatology, while it is 5.0 cm higher during a La Niña year. These are about 80% of the Fremantle SLA variations.
[42] The annual mean volume transport decreases to 3.0 Sv during an El Niño year, while it increases to 4.2 Sv during a La Niña year, compared to the climatology mean of 3.4 Sv (Figure 16 ). The annual phases of volume transport during the El Niño and La Niña years are similar to the mean climatology (Figure 16, top) .
[43] In a reduced gravity model (Appendix A), there is a quadratic relationship between the Leeuwin Current volume transport and the surface dynamic height difference across the current. Since the offshore dynamic signals are weak, the inshore surface dynamic height, or the Fremantle sea level, can be used to represent the dynamic height difference. Linear and quadratic regressions between the volume transport and the Fremantle sea level deviation are calculated by treating the monthly values in the composites as 
Discussions and Summary
Offshore Limit of the Leeuwin Current
[44] Since the wind-driven Sverdrup flow is northward at our 32°S section [Tomczak and Godfrey, 1994] , the offshore limit of the Leeuwin Current should be identified by the flattening of isopycnals (S. Godfrey, personal communication, 2003) . At 110°E, the isopycnals slightly tilt upward to the west in the annual mean density structure (Figure 6c) . Thus a portion of the Leeuwin Current flows southward west of 110°E. When we extend the section to 108°E where the mean isopycnals become almost flat, there is only a 0.3 Sv increment in the southward geostrophic transport in the annual mean, and the annual cycle of the volume transport east of 108°E is similar to that east of 110°E (Figure 17 ). Thus the bulk of the Leeuwin Current transport and its variation are captured by the flow east of 110°E.
Dynamics of the Annual and Interannual Variability
[45] In Figure 9b , the offshore phase propagation of the subsurface temperature annual anomaly is consistent with a wind-driven Leeuwin Current annual cycle . The coastal-trapping of the annual temperature variation at 32°S indicates that the local and upstream winds have an integrated impact. However, it is still necessary to delineate the regional wind effect and the remote Pacific effect on the annual cycle [e.g., Potemra, 2001 ] by analyzing dynamic balances in spatial data sets and realistic model simulations in future studies.
[46] The peak interannual temperature variation (Figure 14 ) occurs deeper than that of the maximum amplitude of annual temperature variation (Figure 9 ). This suggests that the forcing mechanism of the interannual temperature variation is different from that of the annual cycle. A deeper signal indicates that the source of energy is from farther upstream along a characteristic path [Kessler and McCreary, 1993; Wijffels and Meyers, 2003] . Local wind forcing may not be important to the Leeuwin Current variation on the interannual timescale. ENSO signals have been identified in the subsurface temperature at 26°S along the Western Australian coast [Meyers, 1996] , and our study shows that these signals can propagate farther south along the coastal waveguide, as seen in the coastal sea levels [Pariwono et al., 1986] (our Figure 2) .
[47] On both the annual and interannual timescales, the surface dynamic height in the deep ocean tends to lead the Fremantle sea level variation (Figures 10 and 13 ). This may be a result of the retardation effect due to bottom friction on the continental shelf, similar to an ''ENSO jet'' [Clarke and Van Gorder, 1994] .
Surface Isothermal Layer Depth
[48] Ecosystem and fishery research requires information on the variability of the surface isothermal layer depth 1953 , 1965 , 1972 , 1977 , 1982 , 1987 , 1991 , 1992 , 1993 La Niña 1950 , 1955 , 1956 , 1971 , 1973 , 1974 , 1975 , 1988 , 2000 Figure 12. Composites of the SOI and the Fremantle SLA during the 11 El Niño and 12 La Niña years from 1950 to 2000 listed in Table 2 . The shadings denote their standard deviations. Also shown are the linear regression results between the SLA and the SOI used in Appendix B3.
for the mean seasonal cycle and the ENSO composites ( Figure 18 ). The surface isothermal layer depth is defined as the depth where the temperature is 0.5°C colder than the surface temperature. In the mean annual cycle, the offshore (west of 114°E) isothermal layer is shallower than 40 m during the austral summer and deepens to 60 m during the austral winter (Figure 18 , top). The isothermal layer over the slope is deeper in the winter months, due to the Leeuwin Current advection, and reaches its maximum depth of 120 m in June.
[49] The El Niño and La Niña composites show that large interannual isothermal layer depth variations occur on the inshore side of the Leeuwin Current core (Figure 18, bottom) . The annual average isothermal layer depth is about 10 m shallower during an El Niño year and about 12 m deeper during a La Niña year on the upper continental slope. Near 110°E, there are up to 5-m isothermal layer depth variations in the opposite sign to those on the slope. A shallower offshore mixed layer depth during La Niña years may be important for the higher western rock lobster recruitment during these years.
Summary
[50] In this paper, we have examined the annual and interannual variations of the Leeuwin Current using a Figure A1 . Schematic of the Leeuwin Current in a onemoving-layer reduced gravity model. At the offshore end of the current, the lower layer is outcropped. The arrow above the sea surface denotes the zonal wind stress. The solid line above the sea surface shows the sea level variation across the current, where the definitions of z 0,300 and z RF are denoted. monthly upper ocean climatology and its El Niño/La Niña composites along 32°S. On the annual timescale, the Leeuwin Current is narrow and weak during the austral summer and broad and strong during the austral winter. The Leeuwin Current attains its maximum southward geostrophic speed of 45 cm s À1 during April -May, while its maximum southward volume transport of 5 Sv occurs in June -July. The annual mean poleward transport east of 110°E is 3.4 Sv. On the interannual timescale, the Leeuwin Current is stronger during a La Niña year and weaker during an El Niño year. The annual mean volume transports during the El Niño and La Niña years are 3.0 and 4.2 Sv, respectively.
[51] Both the annual and interannual dynamic signals in the Leeuwin Current are coastally trapped and the offshore signals are weak. Thus the Leeuwin Current variation is well represented by the inshore sea surface dynamic height. The Fremantle sea level variations on the annual and interannual timescales are consistent with the inshore sea surface dynamic height. A quasi-linear relationship is established between the Fremantle sea level and the Leeuwin Current volume transport: a 0.13-Sv volume transport variation corresponds to every centimeter of the sea level variation. This justifies and calibrates the usage of the Fremantle sea level as the index of the Leeuwin Current strength.
Appendix A: Dynamic Balance in the Leeuwin Current
[52] In this appendix, we use the zonal momentum equation to derive the geostrophic balance of the Leeuwin Current, and decompose the Fremantle sea level into a major inshore dynamic height component and a minor local wind-driven component. Also, we establish an analytic relationship between the inshore dynamic height and the Leeuwin Current volume transport.
A1. Zonal Momentum Balance in the Leeuwin Current
[53] The zonal momentum equation is written as
Here x, y, and z are positive eastward, northward, and upward, u, v, w are zonal, meridional, and vertical velocities, f = À7.7 Â 10 À5 s À1 is the Coriolis parameter at 32°S, r 0 = 1025 kg m À3 is the mean density, and p is the , respectively [Thompson, 1984] . The vertical velocity scale can be inferred from the continuity relation. Assuming the temporal scale is 1 month and the horizontal scale is 50 km for the Leeuwin Current, the temporal derivative and advection terms on the left-hand side of the equation are all more than a magnitude smaller than the Coriolis term and can be neglected. Away from the coastal boundary, the horizontal turbulent mixing terms on the right-hand side can also be neglected. This results in
We define v = v G + v E , that is, meridional velocity is separated into the geostrophic and Ekman components, where v G = 1/( fr 0 )@ p /@ x and v E = À1/( fr 0 )@t x /@ z . The Ekman velocity is much smaller, as in section 4.2.
[54] Inshore of Rottnest Island, the current velocity is essentially zero, so that the momentum balance is written as
[55] Assuming the pressure gradient does not vary with depth (barotropic), we can replace p with r 0 gz. Integrating vertically, the zonal wind-driven sea level difference between Rottnest Island and Fremantle can be estimated as [Bowden, 1983] 
Here C is between 1 and 1.5 representing the effect of bottom stress, t x 0 is the zonal wind stress, Áx is the distance between Fremantle and Rottnest (10 km), g is the gravity constant, r 0 is the mean surface density, and H is the mean water depth.
[56] From the SOC air-sea flux climatology, the annual variation of the zonal wind stress is 0.16 N m À2 ( Figure 5 ). Assuming C = 1 and H $20m, z RF has an annual variation of only 1 cm, with the highest value in July (not shown).
A2. Fremantle Sea Level Decomposition
[57] From Appendix A1, the Fremantle sea level can be decomposed as z Fremantle = z Rottnest + z RF , where z Rottnest = z 0,300 + z 300 is the sea level at the eastern most grid point of our section, 32°S, 115.4°E. Here z 0,300 is the dynamic height at the sea surface relative to 300 m calculated from the upper ocean climatology, and z 300 is the dynamic height at the reference depth 300 m which cannot be determined from the study and is assumed to have small variation. Thus we use z Rottnest = z 0,300 in this study. The sea level deviations are obtained by removing the mean values.
[58] In a one-and-a-half layer model with an outcropping interface ( Figure A1 ), the geostrophic volume transport can be expressed as V BC = g'H max 2 /2f, where g' is the reduced gravity and H max is the maximum depth of the upper layer on the non-outcropping side of the current [McClimans et al., 1999] . The surface elevation at the non-outcropping side of the current can be expressed as z BC = g'H max /g. This gives
. Figure B3 . Comparisons between the climatology temperature and salinity at 32°S, 115.4°E and the average annual cycles from the Rottnest station measurements. Figure B4 . Annual average of the temperature gradient against the SOI, calculated by replacing the SLA with the SOI in the temperature fitting. The unit is°C per 10 SOI units.
[59] In the case of the Leeuwin Current, the inshore side can be regarded as the non-outcropping side because of the small offshore variations. The inshore dynamic height z 0,300 can be used for z BC in equation (A5). That is, there is a quadratic relationship between the baroclinic volume transport of the Leeuwin Current, V BC , and the baroclinic sea surface elevation z 0,300 .
Appendix B: Validation and Sensitivity Tests of Temperature Fitting
[60] In this appendix, we first introduce some statistics from the temperature fitting, and then validate the annual climatology using the Rottnest station data. Finally, we carry out a number of sensitivity tests on the temperature fitting.
B1. Fitting Statistics
[61] Figure B1 shows the data density at the sea surface by year and by month in the upper ocean thermal archive off Fremantle. Note that the data density decreases with depth because the majority of the data are near-surface casts (not shown). The data density is low during the 1950s and late 1970s to early 1980s. The low data density after 1997 is due to a delay in data archiving. Overall there are more than 200 casts in each month, the highest number of profiles is in February and March ( Figure B1 ). Figure B2 shows the averaging zonal searching radius in the climatology fit, which ranges from about 280 km to about 25 km, equal to or slightly larger than the pre-assigned minimum searching radius. Figure B5 . Comparison between the surface dynamic heights at 115.4°E by using regression coefficients to the Fremantle SLA and using regression coefficients to the SOI in the El Niño and La Niña years. Table B1 . (bottom) Geostrophic volume transports in the different cases.
On average there are more than 100 data points for each fit ( Figure B2 ).
B2. Validation With Rottnest Station Data
[62] The mean annual cycle from the Rottnest station measurements, which are not included in the upper ocean thermal archive, are compared with the annual cycle of climatology at the eastern most grid point, 32°S, 115.4°E, as an independent check of the climatology ( Figure B3) . The difference between the surface and bottom (50 m) temperatures (both of which peak in March -April) indicates that weak temperature stratification exists all year-round. There is only weak salinity stratification ( Figure B3 ). The climatological temperatures are consistent with the Rottnest station data on the annual cycle, but the climatological T-S relationship underestimates the salinity minimum during austral winter by almost 0.1 psu.
B3. Sensitivity Analysis
[63] We first use the SOI to replace the Fremantle SLA in the temperature fitting. The annual average of the temperature gradient against the SOI is very similar to that against the Fremantle SLA as presented in Figure 14 ( Figure B4 ). Using the temperature gradient against the SOI, we can also derive the temperature anomalies and temperature composites in El Niño and La Niña years. Here we have increased the La Niña anomaly by 50% to take into account the nonlinear climate shift effect (see below). The annual surface dynamic heights at the inshore grid are similar to those derived in section 5 ( Figure B5 ). Thus the ENSO composites derived from the regression coefficients against the Fremantle SLA would be derived similarly from the regression coefficients against the SOI, but we avoid the nonlinearity due to the climate regime shift.
[64] The nonlinearity between the SOI and the Fremantle SLA is quantified as follows. We compute the linear regression, SLA(d ) = c 0 (d ) Â SOI (d ), between the Fremantle SLA and the SOI in each month. The product of the SOI composite and the regression coefficient, c 0 (d ) Â SOI ElNiño (d ), compares well with the Fremantle SLA composite during an El Niño year, while c 0 (d ) Â SOI LaNina (d ) underestimates the Fremantle SLA magnitude during a La Niña year and it needs a factor of 1.5 to match with the SLA composite (Figure 12 ). This is due to the fact that the SOI has declined since the regime shift in 1977.
[65] Further, we test the sensitivity of our results (called the standard case) by changing the fitting parameters. Four tests are carried out: (1) doubling the preset spatial searching radii; (2) reducing the preset spatial search radii by 25%; (3) removing the topographic adjusted relief (TAR) in the weighting function; and (4) using 350 m as the reference depth. The annual variations of the surface dynamic height at 115.4°E and the total volume transport are presented for the comparison ( Figure B6 ).
[66] When doubling the spatial searching radius, there is a reduced annual range of the inshore dynamic height deviation and the peak is shifted to May ( Figure B6 ; Table B1 ). There tends to be an obvious secondary peak in October. Similar changes are present in the volume transport. When reducing the searching radius by 25%, it gives the closest comparison between the surface dynamic height deviation at 115.4°E and the Fremantle sea level deviations on the annual timescale, but with little effect on the volume transport. Thus the conclusions from this study are not very sensitive to the searching radius selection.
[67] Including and not including the TAR function do not affect the results significantly ( Figure B6 ; Table B1 ). This suggests that the aliasing between data in the shallow continental shelf and the deep ocean is not critical for this study, because the data density is relatively high despite the narrow continental shelf and slope.
[68] There is almost no change in the annual cycle of the surface dynamic height variation at 115.4°E referenced to 350 m compared with that referenced to 300 m, while the volume transport increases only slightly during most months ( Figure B6 ; Table B1 ). This confirms that the geostrophic calculation in this region is not very sensitive to the selection of the reference depth, likely due to weak density stratification at 300 m. 
